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Abstract

Background

Lentil (Lens culinaris ssp. culinaris Medikus) is a diploid (2n = 2x = 14), self-pollinating grain

legume with a haploid genome size of about 4 Gbp and is grown throughout the world with

current annual production of 4.9 million tonnes.

Materials and methods

A consensus map of lentil (Lens culinaris ssp. culinaris Medikus) was constructed using

three different lentils recombinant inbred line (RIL) populations, including “CDC Redberry” x

“ILL7502” (LR8), “ILL8006” x “CDC Milestone” (LR11) and “PI320937” x “Eston” (LR39).

Results

The lentil consensus map was composed of 9,793 DArT markers, covered a total of 977.47

cM with an average distance of 0.10 cM between adjacent markers and constructed 7 link-

age groups representing 7 chromosomes of the lentil genome. The consensus map had no

gap larger than 12.67 cM and only 5 gaps were found to be between 12.67 cM and 6.0 cM

(on LG3 and LG4). The localization of the SNP markers on the lentil consensus map were

in general consistent with their localization on the three individual genetic linkage maps

and the lentil consensus map has longer map length, higher marker density and shorter

average distance between the adjacent markers compared to the component linkage

maps.

Conclusion

This high-density consensus map could provide insight into the lentil genome. The consen-

sus map could also help to construct a physical map using a Bacterial Artificial Chromosome
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library and map based cloning studies. Sequence information of DArT may help localization

of orientation scaffolds from Next Generation Sequencing data.

Introduction

Lentil (Lens culinaris ssp. culinaris Medikus) is a diploid (2n = 2x = 14), self-pollinating grain

legume with a haploid genome size of about 4 Gbp [1]. It is grown throughout the world, and

Turkey is the fourth most important lentil producing country (365.000 tons annually) after

Canada, Australia, and USA [2]. Average annual lentil production of world is now approach-

ing 6 Mt and per capita consumption of lentil has been increasing faster than human popula-

tion growth [3]. Lentil is a very important global crop for the human diet since it is an

affordable source of carbohydrates (53.9–63.1%), proteins (20.4–30.9%), minerals (1.78–3.1%),

oil (0.70–2.0%), trace elements and fiber [4–6]. Therefore, consumption of lentil by humans

ensures achievement of the recommended daily nutritional balance and plays a significant role

in alleviating malnutrition and micro-nutrient deficiencies [7].

Genetic linkage map construction has become a necessary tool for molecular genetics and

plant breeding programs [8]. The availability of large numbers of molecular markers and large

mapping populations are the first step for the construction of genetic linkage maps. These

maps have served many purposes in basic and applied research. They have become a key tool

for physical mapping of genomes. High density linkage maps have direct implementation in

breeding researches such as marker-assisted selection (MAS) since they ensure that any gene

of interest will be tightly linked to a molecular marker. Such tight linkages can be utilized for

MAS of essential genes in breeding programs [9, 10]. The latest applications of high density

genetic linkage maps are for orienting and anchoring scaffolds arising from the genome

sequence data [11]. Repetitive DNA sequences always populate plant genomes and these can

be impossible to resolve when only short reads are available. High density linkage mapping

could help to place the sequences in the right orientation [12].

To date, several genetic linkage maps have been constructed from lentil mapping popula-

tions. Table 1 presents a summary of these previous lentil linkage maps. The marker density of

these maps (change from 34 to 543 markers) is not concentrated enough to meet the require-

ments for the above applications. On the other hand, length (in cM) of previous linkage maps

were very long despite less DNA marker content (such as 3.843 cM with 199 marker [13];

2.172 cM with 161 marker [14]).

While conventionally a genetic linkage map has been created from a single mapping popu-

lation, recent efforts to construct linkage maps from multiple mapping populations, termed as

“consensus maps”, have gained interest in the scientific community [27]. Construction of a

consensus map offers various advantages such as; (i) higher marker density in a single map

and better genome coverage, (ii) identification of the position of common markers across

mapping populations, (iii) better assignment of LGs to chromosomes, (iv) identification of

conserved marker locus positions, (v) detection of chromosomal rearrangements and gene

duplication degree (vi) comparison of QTLs or genes of interest across maps and, (vii) creation

of a basis for comparing genomes between related species [28–31]. Even though many consen-

sus maps have been constructed in plant species such as maize [32], wheat [33], barley [34],

red clover [35], rye [36], soybean [37], chickpea [38], faba bean [39], pearl millet [27] and pea

[40], no studies have been reported yet on construction of a consensus map in lentil with a

large number of SNPs.

Consensus map of lentil
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With this in mind, the aim of this study was to construct a consensus map of lentil from 3

different RIL populations based on DArT markers.

Material and methods

Mapping populations

Three RIL lentil mapping populations (LR8, LR11 and LR39) developed from 6 parents

[“CDC Redberry” x “ILL7502” (LR8) (under review in Genes, Genomes, Genetics Journals),

“ILL8006” x “CDC Milestone” (LR11) [26] and “PI320937” x “Eston” (LR39) [4]] were used

for the construction of a consensus map. The RILs were developed at the University of Sas-

katchewan, Canada where resources for genomic and genetic lentil studies have been under

development since 2001. All populations were derived by advancing F1 plants from the simple

cross to the F2 generation, and advanced by single seed descent from the F2 to F7. LR8, LR11

and LR39 populations include 120, 118 and 96 individuals, respectively.

DNA isolation

DNA was isolated from the young leaves (4–6 week old seedling) of LR8, LR11 and LR39 RILs

and their parents. Tissue lyser (Technogen Co., Izmir, Turkey) was used to grind all leaf sam-

ples in liquid nitrogen and QIAGEN Isolation Kit (Catalog No. 69181) was applied to extract

total genomic DNA from individual RILs and parents.

DArT marker analyses and construction of consensus map

DArT markers were used from map data of LR8, LR11 [26] and LR39 [4]. For the consensus

linkage map, the markers were first analyzed in JoinMap V.4 [41] to detect distortion. The dis-

torted markers were discarded. Remaining markers were used to construct a linkage map.

Table 1. Information of previous lentil linkage maps.

Reference Mapping

Population

No. of

Individuals

No. of

markers

Type of Markers No. of

LGs

Map Length

(cM)

Average Distance Between

Markers (cM)

[15] F2 66 34 RFLP, isozyme, morphological

marker

9 333.0 9.8

[16] RIL 86 177 RAPD, AFLP, RFLP, morphological

marker

7 1,073.0 6.1

[17] F2 150 114 RAPD, ISSR, RGA 9 784.1 6.9

[14] F2 113 161 RAPD, ISSR, AFLP, SSR,

morphological loci

10 2,172.4 13.5

[9] RIL 86 283 RAPD, AFLP, SSR 14 751.0 2.6

[18] F2 153 72 RAPD, AFLP, ISSR 11 412.5 5.7

[19] RIL 108 236 AFLP, SSR, RAPD 12

[20] F2 113 158 RAPD, ISSR, AFLP, SSR 10 2,392 15.1

[21] RIL 94 207 AFLP, SSR, RAPD 12 1,868.0 9.0

[8] RIL 94 166 AFLP, ISSR, RAPD 11 1,396.3 8.4

[22] RIL 94 196 EST-SSR/ SSR, 11 1,156.4 5.9

[13] F2 114 199 RAPD, SSR, ISSR 11 3,843.4 19.3

[23] RIL 147 543 SNP, SSR 7 834.7 1.5

[24] RIL 101 838 GBS 12 538.8 1.0

[25] RIL 126 216 SSR 7 1,183.7 5.5

[4] RIL 96 1,784 DArT 7 4,060.6 2.3

[26] RIL 118 4,177 DArT 7 497.1 0.1

https://doi.org/10.1371/journal.pone.0191375.t001
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Map distances were estimated using Kosambi Function [42] and LOD score was accepted as 3.

Common alleles were integrated using the “combine groups for map integration” module in

JoinMap. The loci were ordered using the regression mapping function. Recombination fre-

quency was 0.4. Finally, the lentil consensus map was visualized using the software MapChart

[43]. Comparative linkage map was drawn using the Strudel graphical tool that visualizing

genetic and physical maps of genomes for comparative purposes [44].

Results

Construction of the lentil consensus map

The lentil consensus map was composed of 9,793 DArT markers (Table 2). The largest data

sets were from LR8 with a total of 5,372 SNPs followed by LR11 with a total of 2,967 SNPs and

LR39 with a total of 1,454 SNPs. These SNP discovery data files were presented as S1, S2, S3

and S4 Excel Files.

Seven linkage groups were constructed, corresponding to the number of haploid chromo-

some. All SNPs were distributed almost evenly in 7 linkage groups. The consensus map

spanned a total of 977.47 cM with an average distance of 0.10 cM between adjacent markers.

While LG4 had the highest number (1,407) of SNPs, LG7 contained the lowest number (869)

of SNPs. The longest LG was LG2 (175.19 cM) with a mean distance of 0.12 cM between adja-

cent markers and the shortest LG was LG7 (88.79 cM) with a mean distance of 0.10 cM

between adjacent markers. All linkage group size and mean distance between adjacent markers

are presented in Table 2.

Among 7 LGs, LG4 contained the highest marker density (1 marker/0.08 cM) and LG3 had

the lowest marker density (1 marker/0.12 cM). In general, marker density was consistent

throughout the map. The consensus map had no gap larger than 12.67 cM and only 5 gaps

were found to be between 12.67 cM and 6.0 cM (on LG3 and LG4). The largest gap between

adjacent markers was 12.67 cM on LG3 between the marker “4088505” (at 43.87 cM position)

and “3629574” (at 56.55 cM position) and 9.37 cM on LG4, between the marker “4087364” (at

153.92 cM position) and “4087288” (at 163.30 cM position) (S4 Excel File).

Comparison of consensus map and component maps

For interpretation of the quality of the lentil consensus map, the consistency of marker order

between the component genetic linkage maps (LR8, LR11 and LR39) and the lentil consensus

map were compared. Due to this comparison, the marker locations of the lentil consensus

Table 2. Characteristics of the linkage groups of the lentil consensus map.

Linkage

Group

Total

Length

(cM)

Number of

total SNP

Markers

Number of

SNP

Markers (%)

Number of

SNP silico

Markers from

LR8

Number of

SNP Markers

from LR8

Number of

SNP silico

Markers from

LR11

Number of

SNP Markers

from LR11

Number of

SNP silico

Markers from

LR39

Number of

SNP Markers

from LR39

Average

Distance

Between

Markers (cM)

LG1 151.78 1,748 17.84 812 290 238 132 206 70 0.09

LG2 175.19 1,407 14.36 487 187 403 180 106 44 0.12

LG3 167.69 1,214 12.39 660 278 121 53 77 25 0.14

LG4 169.19 2,001 20.43 609 224 554 300 225 89 0.08

LG5 106.92 1,364 13.92 608 239 244 124 115 34 0.10

LG6 117.91 1,190 12.15 324 112 281 120 208 145 0.10

LG7 88.79 869 8.87 392 150 158 59 81 29 0.10

Grand

Total

977.47 9,793 3,892 1,480 1,999 968 1,018 436 Average: 0.10

https://doi.org/10.1371/journal.pone.0191375.t002
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map were plotted against the locations in the component genetic linkage maps separately for

each LGs (Figs 1 and 2).

The localization of the SNP markers based on the DArT markers on the lentil consensus

map were in general consistent with their localization on the three individual genetic linkage

maps of the lentil RIL populations. Locations of SNPs among the component maps and the

consensus map showed great parallelism (Fig 2). But localization of some SNPs showed varia-

tion between component and consensus map. For example, marker “4091453” mapped at 8.27

cM on LG1 of LR8 linkage map, but it was mapped at the 15.62 cM position on the LG1 of the

consensus map. Total map length, number of mapped SNPs, the average distance of adjacent

markers of consensus map, and the component maps are shown in (Table 3). The lentil con-

sensus map has longer map length, higher marker density, and shorter average distance

between the adjacent markers compared to the component linkage maps (Table 3).

Discussion

In the current study, we constructed the first consensus genetic map for lentil based on DArT

markers. Nowadays, there is no standard naming convention for integrated genetic linkage

maps [35]. For this reason, an integrated map is alternately termed as consensus, comprehen-

sive, reference, composite, or pooled map depending on the procedure of integration [45]. In

this study, we constructed a lentil consensus genetic linkage map using the JoinMap software

(V.4.) [41]. This consensus map is based on mean frequencies ratio of recombination and

Fig 1. Comparison of marker locations in consensus map and component maps.

https://doi.org/10.1371/journal.pone.0191375.g001
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integrated multiple data sets of segregation [46]. The mapped loci positions were mostly quite

conserved between the merging map and the component maps, which pointed out that the

localization of the loci can be considered as the “consensus” positions. Therefore, in the cur-

rent study we termed the lentil map we constructed a “consensus map”.

Mapping populations

To date, several genetic linkage maps have been constructed for lentil, and while in earlier

mapping studies, lentil linkage genetic maps were constructed mostly based on F2 populations

[14, 15, 17], more recently mostly RIL populations were used to construct lentil linkage genetic

maps [4, 8, 9, 21, 23, 25]. A mapping RIL population is the result of many recombination gen-

erations, ensuring greater chances for separation of linked genes and markers and linkage

breakdown [47]. On average, the chance of recombination between tightly linked genes in a

RIL mapping population is twice as much as that in a BC1 or an F2 mapping population [48],

therefore allowing a more correct map distance conjecture [49].

In the present study, 3 different lentil RIL mapping populations [LR8, LR11 [26] and LR39

[4]] were used to construct a lentil consensus map. Similarly, RIL mapping populations were

used to construct consensus map of other crops such as wheat [33], barley [34], soybean [37],

chickpea [38], rye [28], faba bean [39], pearl millet [27] and pea [40].

If the genes are tightly linked, a greater number of individuals in a RIL mapping population

are required in order to obtain the accurate gene order with high confidence [50]. The number

of individuals in LR8, LR11 and LR39 populations were 120, 96 and 118 respectively. It is clear

that, in mapping studies, the use of a population which includes an insufficient number of

individuals results in erroneous ordering of fragmentation and loci of the LGs [51].

Fig 2. Comparison of linkage groups from the consensus map and component maps.

https://doi.org/10.1371/journal.pone.0191375.g002
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Advantage of DArT markers

Recent advances in next generation sequences (NGS) provide high throughput data, which

opens the way for the detection of SNP markers. NGS also reduces the cost of SNP detection

by using the reduced representation method [52, 53]. Building a consensus map is impossible

without common loci present on each chromosome or linkage group [34]. Therefore,

increasing the number of common markers in the different lentil populations has great

importance. DArT is a recently developed molecular technique used for construction of the

lentil maps in the current study. Besides lentil, DArT technology has been used to construct

consensus maps of other crops such as barley [54], sorghum [55], rye [28], triticale [56] and

rapeseed [46].

DArT markers define polymorphisms via changes of single base-pair (SNPs) at recognition

sites of restriction enzymes [28]. SNP polymorphisms account for about 90% of the genetic

variation in any organism and are equally distributed among a genome [57]. One advantage of

this technology is that it does not require previous sequence information data for the plants to

be studied. Another advantage of the DArT markers is that they can generate thousands of

markers in a short time at low cost [28].

Characteristics of lentil consensus map

SNP discovery has received much attention during the last decade due to their distribution

throughout genomes and also allows construction of high density linkage maps. High density

linkage maps are useful for developing understanding of the structural organization of a

genome [58]. In the current study we constructed the first consensus map of the lentil genome,

consisting of 9,793 markers (based on DArT markers), covering 977.42 cM and spanning all 7

chromosomes corresponding to the 7 haploid chromosome number of lentil [4] (Table 2). The

total length of consensus map (977.42 cM) was similar to the 834.7 cM map reported by Sharpe

et al., [23]. The mean average marker density of this consensus map is one marker per 0.1 cM.

Previously reported lentil genetic linkage maps consisted of smaller numbers of markers (var-

ied from 34 to 5,385 markers) and longer mean marker density between adjacent markers

(chanced from 0.12 to 19.3 cM) compared to the current consensus map [4, 8, 9, 13–17, 21, 23,

25]. Although the current map contained 15 times more markers than the consensus map

reported by Sudheesh et al., [59] (689 SNP markers, 2429.6 cM), the length of the current map

is ~2.5 times shorter (977.42 cM). The differences of marker density in the lentil linkage maps

might be due to use of insufficient numbers of markers and and/or different types of genetic

marker systems, poor and/or missing quality data, marker distribution and crossovers in the

lentil genome, number of individuals used in a mapping population and preferences for differ-

ent linkage mapping methodology [39, 60]. A few large gaps (about 12 cM in length) were

detected in this study. A total of only 5 large gaps (about 12 cM; on LG3 and LG4) were

detected in the consensus map but this could be due to the mapping of markers with gene in a

genome that contains largely of repetitive elements and regions of low polymorphism in an

intraspecific population [23] and homozygosity of the lentil genome in this specific region.

Previously reported lentil linkage maps included numerous numbers of larger gaps than the

current consensus map [4, 8, 9, 13–17, 21, 23, 25]. Our results suggest that DArT technology

can be useful to fill the genotyping gap between adjacent markers and to construct well satu-

rated lentil consensus maps, thus resulting in better lentil genome coverage [61].

Comparison of consensus map and component maps

One of the ways to evaluate the quality of the lentil consensus map is to compare the marker

order of the consensus map with the marker order of the component maps [54]. The
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localization of the SNP markers on the lentil consensus map were generally consistent with

their localization on the component maps but some marker positions changed on the LG of

consensus map according to this marker position on the LG of component maps. A similar sit-

uation was reported for a consensus map of triticale and the author noted that on a more

global level, the collinearity plots revealed some differences in length among the component

maps and the consensus map. In the consensus map, identical pairs of loci resulted in shorter

linkage map distances [56]. In addition, such inconsistencies could refiect actual differences in

genome organization between mapping populations or they could be attributed to either the

effect of small sample size on the estimated gene orders or the differences in local recombina-

tion frequencies between populations. Rearrangements of closely linked markers, particularly

those located at distal ends of linkage groups, have previously been observed in grape, cotton,

and rubber among other plant species [62, 63].

In the current study, despite local inversions (between LR8(LG1) and LR11(LG4) the SNP

locus orders were mostly congruent between the consensus and the component maps (Fig 2).

While approximately 119 SNP markers were located between 57–116 cM on LG1 in the link-

age map of LR8 (pop 1), these markers located between 4–29 cM on LG4 in the linkage map of

LR11 (pop 2) (Fig 2). These minor inconsistencies in marker positions are not rare in map

integration [37, 56, 64]. However these kinds of inconsistencies could be due to differences

in genome organization among mapping populations. A small number of individuals in the

mapping populations could affect the calculation of marker order [64]. Local recombination

frequencies among mapping populations could also cause this kind of discrepancy [56]. Simi-

larly, closely linked markers rearrangements have previously been reported in grape [62], cot-

ton [63] and rubber [64].

The current lentil consensus map contains higher marker density and shorter average dis-

tance between the adjacent markers compared to the component linkage maps constructed to

date. In addition, the total map length of the consensus map was longer than the length of the

component maps (Table 3). Similar map expansion was reported for the consensus maps of

pepper [65] and rapeseed [66]. In our lentil consensus map, expansion was observed on LG5

due to the addition of markers in this LG [8].

Conclusion

The recent study reports the first consensus map of lentil from DArT markers by merging

large sets of mapping data from 3 lentil RIL populations. This consensus map provides the

basis for development of available of genetic markers for genome studies such as construction

of physical mapping, collinearity analysis, and map-based gene cloning. Since the consensus

map contains large numbers of SNPs, it could also be helpful in marker assisted selection stud-

ies. Sequence information of SNPs could help localization of appropriate orientation of the

scaffolds from Next Generation Sequencing data.

Supporting information

S1 Excel File. SNP discovery raw data from LR8 populations.

(XLSX)

S2 Excel File. SNP discovery raw data from LR11 populations.

(XLSX)

S3 Excel File. SNP discovery raw data from LR39 populations.

(XLSX)

Consensus map of lentil

PLOS ONE | https://doi.org/10.1371/journal.pone.0191375 January 19, 2018 9 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191375.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191375.s002
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191375.s003
https://doi.org/10.1371/journal.pone.0191375


S4 Excel File. SNP discovery raw data of lentil consensus map.

(XLSX)

Acknowledgments

The study was supported by The Scientific and Technological Research Council of Turkey

(TUBITAK) with project no COST-111O446.

Author Contributions

Conceptualization: Abdullah Kahriman, Hakan Ozkan, Albert Vandenberg, Bahattin

Tanyolac.

Data curation: Duygu Ates, Ahmad Alsaleh, Semih Erdogmus, Albert Vandenberg, Bahattin

Tanyolac.

Formal analysis: Secil Aldemir.

Funding acquisition: Hakan Ozkan, Bahattin Tanyolac.

Investigation: Albert Vandenberg, Bahattin Tanyolac.

Methodology: Bahattin Tanyolac.

Project administration: Albert Vandenberg, Bahattin Tanyolac.

Software: Seda Nemli.

Supervision: Bahattin Tanyolac.

Visualization: Duygu Ates, Secil Aldemir, Ahmad Alsaleh, Semih Erdogmus, Abdullah Kahri-

man, Bahattin Tanyolac.

Writing – original draft: Duygu Ates, Abdullah Kahriman, Hakan Ozkan, Albert Vanden-

berg, Bahattin Tanyolac.

Writing – review & editing: Albert Vandenberg, Bahattin Tanyolac.

References
1. Arumuganathan K, Earle ED. Nuclear DNA content of some important plant species. Plant Mol Biol

Reporter. 1991; 9. https://doi.org/10.1007/bf02672069

2. Sen Gupta D, Cheng P, Sablok G, Thavarajah D, Thavarajah P, Coyne CJ, et al. Development of a

panel of unigene-derived polymorphic EST–SSR markers in lentil using public database information.

The Crop Journal. 2016; 4(5):425–33. http://dx.doi.org/10.1016/j.cj.2016.06.012.

3. FAO. FAO Statistical databases. Food and Agriculture Organization (FAO) of the United Nations; 2016.

4. Ates D, Sever T, Aldemir S, Yagmur B, Temel HY, Kaya HB, et al. Identification QTLs Controlling

Genes for Se Uptake in Lentil Seeds. PLoS ONE. 2016; 11(3):e0149210. https://doi.org/10.1371/

journal.pone.0149210 PMID: 26978666

5. Kumar S, Rajendran K, Kumar J, Hamwieh A, Baum M. Current knowledge in lentil genomics and its

application for crop improvement. Frontiers in Plant Science. 2015; 6:78. https://doi.org/10.3389/fpls.

2015.00078 PMID: 25755659

6. Qaim M, Stein AJ, Meenakshi JV. Economics of biofortification. Agricultural Economics. 2007; 37:119–

33. https://doi.org/10.1111/j.1574-0862.2007.00239.x

7. Karakoy T, Erdem H, Baloch FS, Toklu F, Eker S, Kilian B, et al. Diversity of Macro- and Micronutrients

in the Seeds of Lentil Landraces. The Scientific World Journal. 2012; 2012:9. https://doi.org/10.1100/

2012/710412 PMID: 22997502

8. Tanyolac B, Ozatay S, Kahraman A, Fred M. Linkage mapping of lentil (Lens culinaris L.) genome using

recombinant inbred lines revealed by AFLP, ISSR, RAPD and some morphologic markers. Journal of

Agricultural Biotechnology and Sustainable Development. 2010; 2(1):1.

Consensus map of lentil

PLOS ONE | https://doi.org/10.1371/journal.pone.0191375 January 19, 2018 10 / 13

http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0191375.s004
https://doi.org/10.1007/bf02672069
http://dx.doi.org/10.1016/j.cj.2016.06.012
https://doi.org/10.1371/journal.pone.0149210
https://doi.org/10.1371/journal.pone.0149210
http://www.ncbi.nlm.nih.gov/pubmed/26978666
https://doi.org/10.3389/fpls.2015.00078
https://doi.org/10.3389/fpls.2015.00078
http://www.ncbi.nlm.nih.gov/pubmed/25755659
https://doi.org/10.1111/j.1574-0862.2007.00239.x
https://doi.org/10.1100/2012/710412
https://doi.org/10.1100/2012/710412
http://www.ncbi.nlm.nih.gov/pubmed/22997502
https://doi.org/10.1371/journal.pone.0191375


9. Hamwieh A, Udupa S, Choumane W, Sarker A, Dreyer F, Jung C, et al. A genetic linkage map of Lens

sp. based on microsatellite and AFLP markers and the localization of fusarium vascular wilt resistance.

Theoretical and Applied Genetics. 2005; 110(4):669–77. https://doi.org/10.1007/s00122-004-1892-5

PMID: 15650814

10. Tanksley S, Young N, Paterson A, Bonierbale M. RFLP mapping in plant breeding: new tools for an old

science. Nature Biotechnology. 1989; 7(3):257–64.

11. Gaur R, Jeena G, Shah N, Gupta S, Pradhan S, Tyagi AK, et al. High density linkage mapping of geno-

mic and transcriptomic SNPs for synteny analysis and anchoring the genome sequence of chickpea.

Scientific reports. 2015; 5.

12. Wu P, Zhou C, Cheng S, Wu Z, Lu W, Han J, et al. Integrated genome sequence and linkage map of

physic nut (Jatropha curcas L.), a biodiesel plant. The Plant Journal. 2015; 81(5):810–21. https://doi.

org/10.1111/tpj.12761 PMID: 25603894

13. Gupta M, Verma B, Kumar N, Chahota RK, Rathour R, Sharma SK, et al. Construction of intersubspeci-

fic molecular genetic map of lentil based on ISSR, RAPD and SSR markers. Journal of genetics. 2012;

91(3):279–87. PMID: 23271013

14. Duran Y, Fratini R, Garcia P, De la Vega MP. An intersubspecific genetic map of Lens. Theoretical and

Applied Genetics. 2004; 108(7):1265–73. https://doi.org/10.1007/s00122-003-1542-3 PMID: 14676948

15. Havey M, Muehlbauer F. Linkages between restriction fragment length, isozyme, and morphological

markers in lentil. Theoretical and Applied Genetics. 1989; 77(3):395–401. https://doi.org/10.1007/

BF00305835 PMID: 24232618

16. Eujayl I, Baum M, Powell W, Erskine W, Pehu E. A genetic linkage map of lentil (Lens sp.) based on

RAPD and AFLP markers using recombinant inbred lines. Theoretical and Applied Genetics. 1998; 97

(1–2):83–9.

17. Ford R, Taylor P. Construction of an intraspecific linkage map of lentil (Lens culinaris ssp. culinaris).

Theoretical and Applied Genetics. 2003; 107(5):910–6. https://doi.org/10.1007/s00122-003-1326-9

PMID: 12830386

18. Taylor P, Ades P, Ford R. QTL mapping of resistance in lentil (Lens culinaris ssp. culinaris) to ascochyta

blight (Ascochyta lentis). Plant Breeding. 2006; 125(5):506–12.

19. Tullu A, Tar0an B, Breitkreutz C, Banniza S, Warkentin T, Vandenberg A, et al. A quantitative-trait locus

for resistance to ascochyta blight [Ascochyta lentis] maps close to a gene for resistance to anthracnose

[Colletotrichum truncatum] in lentil. Canadian journal of plant pathology. 2006; 28(4):588–95.

20. Fratini R, Durán Y, Garcı́a P, De La Vega MP. Identification of quantitative trait loci (QTL) for plant struc-

ture, growth habit and yield in lentil. Spanish Journal of Agricultural Research. 2007; 5(3):348–56.

21. Tullu A, Tar’an B, Warkentin T, Vandenberg A. Construction of an intraspecific linkage map and QTL

analysis for earliness and plant height in lentil. Crop science. 2008; 48(6):2254–64.

22. Gupta D, Taylor P, Inder P, Phan H, Ellwood S, Mathur P, et al. Integration of EST-SSR markers of

Medicago truncatula into intraspecific linkage map of lentil and identification of QTL conferring resis-

tance to ascochyta blight at seedling and pod stages. Molecular breeding. 2012; 30(1):429–39.

23. Sharpe AG, Ramsay L, Sanderson L-A, Fedoruk MJ, Clarke WE, Li R, et al. Ancient orphan crop joins

modern era: gene-based SNP discovery and mapping in lentil. BMC Genomics. 2013; 14. https://doi.

org/10.1186/1471-2164-14-192 PMID: 23506258

24. Temel HY, Gol D, Kahriman A, Tanyolac MB. Construction of linkage map trough genotyping by

sequencing in lentil. In Proceedings of plant and animal genome conference XXII. 2014; P358.

25. Verma P, Goyal R, Chahota R, Sharma TR, Abdin M, Bhatia S. Construction of a Genetic Linkage Map

and Identification of QTLs for Seed Weight and Seed Size Traits in Lentil (Lens culinaris Medik.). PloS

one. 2015; 10(10):e0139666. https://doi.org/10.1371/journal.pone.0139666 PMID: 26436554
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58. Gautami B, Foncéka D, Pandey MK, Moretzsohn MC, Sujay V, Qin H, et al. An International Reference

Consensus Genetic Map with 897 Marker Loci Based on 11 Mapping Populations for Tetraploid

Groundnut (Arachis hypogaea L.). PLoS ONE. 2012; 7(7):e41213. https://doi.org/10.1371/journal.

pone.0041213 PMID: 22815973

59. Sudheesh S, Rodda MS, Davidson J, Javid M, Stephens A, Slater AT, et al. SNP-based linkage map-

ping for validation of QTLs for resistance to ascochyta blight in lentil. Frontiers in plant science. 2016; 7.

60. Liu B-H. In: Stern RB, Didier D, Boca Raton, editors. Statistical genomics: linkage, mapping, and QTL

analysis1998.

61. Liu H, Bayer M, Druka A, Russell JR, Hackett CA, Poland J, et al. An evaluation of genotyping by

sequencing (GBS) to map the Breviaristatum-e (ari-e) locus in cultivated barley. BMC Genomics. 2014;

15(1):1–11. https://doi.org/10.1186/1471-2164-15-104 PMID: 24498911

62. Vezzulli S, Troggio M, Coppola G, Jermakow A, Cartwright D, Zharkikh A, et al. A reference integrated

map for cultivated grapevine (Vitis vinifera L.) from three crosses, based on 283 SSR and 501 SNP-

based markers. Theoretical and Applied Genetics. 2008; 117(4):499–511. https://doi.org/10.1007/

s00122-008-0794-3 PMID: 18504538

63. Xu Z, Kohel RJ, Song G, Cho J, Yu J, Yu S, et al. An integrated genetic and physical map of homoeolo-

gous chromosomes 12 and 26 in Upland cotton (G. hirsutum L.). BMC genomics. 2008; 9(1):108.

64. Pootakham W, Ruang-Areerate P, Jomchai N, Sonthirod C, Sangsrakru D, Yoocha T, et al. Construc-

tion of a high-density integrated genetic linkage map of rubber tree (Hevea brasiliensis) using genotyp-

ing-by-sequencing (GBS). Frontiers in plant science. 2015; 6.

65. Paran I, van der Voort JR, Lefebvre V, Jahn M, Landry L, van Schriek M, et al. An integrated genetic

linkage map of pepper (Capsicum spp.). Molecular Breeding. 2004; 13(3):251–61.

66. Lombard V, Delourme R. A consensus linkage map for rapeseed (Brassica napus L.): construction and

integration of three individual maps from DH populations. Theor Appl Genet. 2001; 103. https://doi.org/

10.1007/s001220100560

Consensus map of lentil

PLOS ONE | https://doi.org/10.1371/journal.pone.0191375 January 19, 2018 13 / 13

https://doi.org/10.1371/journal.pone.0003376
https://doi.org/10.1371/journal.pone.0003376
http://www.ncbi.nlm.nih.gov/pubmed/18852878
https://doi.org/10.1371/journal.pone.0019379
https://doi.org/10.1371/journal.pone.0019379
http://www.ncbi.nlm.nih.gov/pubmed/21573248
https://doi.org/10.1186/1471-2164-7-206
https://doi.org/10.1186/1471-2164-7-206
http://www.ncbi.nlm.nih.gov/pubmed/16904008
https://doi.org/10.1186/1471-2164-12-380
http://www.ncbi.nlm.nih.gov/pubmed/21798064
https://doi.org/10.1038/hdy.2008.35
http://www.ncbi.nlm.nih.gov/pubmed/18461083
https://doi.org/10.1371/journal.pone.0041213
https://doi.org/10.1371/journal.pone.0041213
http://www.ncbi.nlm.nih.gov/pubmed/22815973
https://doi.org/10.1186/1471-2164-15-104
http://www.ncbi.nlm.nih.gov/pubmed/24498911
https://doi.org/10.1007/s00122-008-0794-3
https://doi.org/10.1007/s00122-008-0794-3
http://www.ncbi.nlm.nih.gov/pubmed/18504538
https://doi.org/10.1007/s001220100560
https://doi.org/10.1007/s001220100560
https://doi.org/10.1371/journal.pone.0191375

